The medial temporal lobe (MTL) is an early site of tau accumulation and MTL dysfunction may underlie episodic-memory decline in aging and dementia. Postmortem data indicate that tau pathology in the transentorhinal cortex is common by age 60, whereas spread to neocortical regions and worsening of cognition is associated with ␤-amyloid (A␤). We used [ 18 F]AV-1451 and [ 11 C]PiB positron emission tomography, structural MRI, and neuropsychological assessment to investigate how in vivo tau accumulation in temporal lobe regions, A␤, and MTL atrophy contribute to episodic memory in cognitively normal older adults (n ϭ 83; age, 77 Ϯ 6 years; 58% female). Stepwise regressions identified tau in MTL regions known to be affected in old age as the best predictor of episodic-memory performance independent of A␤ status. There was no interactive effect of MTL tau with A␤ on memory. Higher MTL tau was related to higher age in the subjects without evidence of A␤. Among temporal lobe subregions, episodic memory was most strongly related to tau-tracer uptake in the parahippocampal gyrus, particularly the posterior entorhinal cortex, which in our parcellation includes the transentorhinal cortex. In subjects with longitudinal MRI and cognitive data (n ϭ 57), entorhinal atrophy mirrored patterns of tau pathology and their relationship with memory decline. Our data are consistent with neuropathological studies and further suggest that entorhinal tau pathology underlies memory decline in old age even without A␤.
Introduction
The ability to encode novel events into long-term memory declines in old age and this impairment is related to dysfunction of the medial temporal lobe (MTL) memory system (for review, see Hedden and Gabrieli, 2004; Small et al., 2011) . Intriguingly, postmortem data indicate that tau neurofibrillary tangles (NFTs) emerge early in the transentorhinal cortex (Braak and Braak, 1985) , the transition area between the entorhinal cortex (EC) and the perirhinal cortex. These early "transentorhinal stages" (Braak stages I/II) of tau deposition are commonly observed in individuals Ն60 years old, while the spread of tau to limbic and neocortical areas is usually accompanied by the presence of ␤-amyloid (A␤) plaques (Braak and Braak, 1997) . While both tau tangles and A␤ plaques are major pathological markers of Alzheimer's disease (AD), A␤ deposition is only weakly related to cognition (Hedden et al., 2013) . Neuropathological data in AD patients suggest that NFTs mediate the association of A␤ deposition and cognitive decline (Giannakopoulos et al., 2003; Bennett et al., 2004) . In a sample of normal adults and patients with mild cognitive impairment (MCI) or AD, NFT density in the parahippocampal gyrus (PhG) was linearly related to episodic memory performance (Mitchell et al., 2002) . Tau pathology restricted to MTL and limbic regions without A␤ pathology is also described as primary age-related tauopathy (PART; Crary et al., 2014) . Neuropathological data showed that higher Braak stage is related to higher age, worse cognition, and hippocampal (HC) head atrophy in cases with PART (Josephs et al., 2017) . However, there is still debate about whether PART represents a non-AD entity that can be separated from early AD (Duyckaerts et al., 2015) .
The advent of tau-specific positron emission tomography (PET) tracers enables the study of regional associations between tau pathology and cognition in vivo. Consistent with neuropathological data, tau PET studies have reported that most cognitively normal elderly adults demonstrate elevated tracer binding confined to the MTL, whereas neocortical binding requires the presence of aggregated A␤ (e.g. Schöll et al., 2016; Sepulcre et al., 2016; Lockhart et al., 2017) . In samples that included patients, tau PET signal was related to cognitive impairment (Brier et al., 2016; Cho et al., 2016a; Ossenkoppele et al., 2016; , in contrast to weaker associations seen with A␤. Moreover, our laboratory has shown that increased tracer retention in the MTL relates to worse episodic-memory performance in a small sample of 33 cognitively healthy older adults (OAs; . It remains unclear whether A␤ and tau have interactive effects on episodic memory, and whether in vivo MTL tau pathology predicts episodic-memory performance even in subjects without evidence of A␤ pathology. Furthermore, the regional specificity of associations between episodic memory and in vivo tau pathology within the temporal lobe has not been examined yet.
In the current study of 83 cognitively normal OAs (age range, 60 -93 years), we investigated the contributions of age, A␤ burden, regional tau burden, and MTL atrophy to episodic-memory performance as well as interactive effects of A␤ and tau on memory. Global cortical A␤ burden was measured with [ 11 C] Pittsburgh compound B (PiB) and regional tau load was assessed by [ 18 F] AV-1451 PET scans. Cross-sectional measures of MTL atrophy were assessed by entorhinal thickness and HC volume. Episodic-memory composite scores were calculated from recall performance in verbal and visual memory tasks. We aimed to determine which biomarker best predicted episodic-memory performance in clinically normal elderly and to examine the specificity of associations between biomarkers and episodic memory across modalities (verbal vs visual) and with other cognitive domains (working memory and executive function). We further investigated the regional specificity of the association between tau and episodic memory by parcellating the temporal lobe along the longitudinal and medial-lateral axes. In a subgroup of 57 subjects with longitudinal MRI and cognitive data, we finally assessed associations between tau measures, entorhinal-thickness change, and episodic-memory decline.
Materials and Methods

Participants
Our sample comprised 83 cognitively normal OAs from the Berkeley Aging Cohort Study (BACS), a longitudinal study of normal aging. Aspects of memory function were recently reported in a subset of 33 subjects . Subjects underwent structural MRI, [ 18 F]AV-1451 and [ 11 C]PiB PET imaging, neuropsychological assessment, and standard laboratory blood tests including APOE genotyping (data missing for eight subjects). The Institutional Review Boards of the University of California, Berkeley and the Lawrence Berkeley National Laboratory approved the study and informed consent was obtained from all participants.
Eligibility requirements for inclusion into BACS comprise the following: no MRI or PET contraindications, living independently in the community, Mini-Mental State Examination score (Folstein et al., 1975) Ն25, within 1.5 SD of normative values on the California Verbal Learning Test (CVLT; Delis et al., 2000) and delayed recall from the visual reproduction (VR) test (Wechsler, 1997), absence of neurological or psychiatric illness, and lack of major medical illnesses and medications that affect cognition. Subjects who performed below the CVLT or VR cutoff in one follow-up session remained in the study as we were interested in biomarkers underlying age-related memory decline.
Data acquisition and preprocessing
Cognitive data. Cross-sectional neuropsychological data closest to the AV-1451 tau scan were used to calculate composite Z scores for episodicmemory, working-memory, and executive-function domains. Cognitive data were collected within 117 Ϯ 87 d of the tau PET scan. For Ͼ85% of the subjects, the time lag was Ͻ6 months. For only one subject, time delay was Ͼ1 year (1.3 years). Z scores were calculated as the average of the Z-transformed individual test scores using mean and SD from the first cognitive session data of a larger sample of 164 BACS OA participants (age: 74 Ϯ 6 years; education: 17 Ϯ 2 years; 60% female) that also included the 83 OAs studied here.
The memory composite score comprised short-delay and long-delay (after 20 min) free recall of the CVLT and VR tests. The working-memory score included the WMS-III Digit Span test forward and backwards total score. The executive function composite score comprised the Digit-Symbol test (Smith, 1982) , number correct in 60 s in the Stroop Interference Test (Stroop, 1938) and "Trail B minus A" score from the Trail Making Test (Reitan, 1985 ; score inverted after Z-transformation).
Fifty-seven of 83 OAs had longitudinal MRI as well as cognitive data (Ն2 scans/testing sessions). These subjects had between 2 and 10 cognitive testing sessions (mean, 5.6 Ϯ 2.2) over a period of 5.6 Ϯ 2.5 years with an average delay of 1.3 Ϯ 0.3 years between sessions. For these subjects with both available longitudinal MRI and cognitive data, we also assessed measures of episodic-memory change (using linear mixedeffects models to derive slopes).
MRI data. For all subjects 1 ϫ 1 ϫ 1-mm-resolution T1-weighted magnetization prepared rapid gradient echo (MPRAGE) images were acquired at 1.5 T at Lawrence Berkeley National Laboratory . These images were used for definition of brain regions of interest (ROIs) and for both cross-sectional and longitudinal measurement of MTL atrophy.
All MPRAGE scans were processed with the FreeSurfer (v5.3.0; http:// surfer.nmr.mgh.harvard.edu/) cross-sectional pipeline to derive ROIs in each subject's native space using the Desikan-Killiany atlas. ROIs were used for calculation of region-specific tau PET measures after partial volume correction (PVC; Baker et al., 2017a) and for PiB PET distribution volume ratio (DVR) summary measures. Within our PET preprocessing pipeline, the first T1 image of each subject is coregistered to the SPM "avg152T1.nii" (image derived from icbm_avg_152_t1_tal_lin.mnc) to align the head, while all subsequently acquired T1 images are coregistered to that first MRI of a subject. These coregistration parameters are also applied to the FreeSurfer-derived aparcϩaseg.nii (which is used to derive regional tau PET measures). PET scans are coregistered to the MRI closest in time.
MRI images were also segmented into brain tissue types using SPM12 (Statistical Parametric Mapping; Wellcome Department of Cognitive Neurology, London, England). Tissue segments for noncerebral tissues (CSF, soft tissue, bone) were subsequently used for PVC. Segmentations for gray matter, white matter, and CSF were summed to derive intracranial volume (ICV).
FreeSurfer output from the closest 1.5 T MRI scan was used to derive bilateral mean HC volume and entorhinal thickness as cross-sectional measures of MTL atrophy. MRI scans were acquired within 65 Ϯ 128 d of the tau PET scan. HC volumes were corrected for ICV (to account for differences in head size) via the following linear equation: Vol adj ϭ Vol raw(i) Ϫ b(ICV (i) Ϫ Mean ICV), where Vol adj is the adjusted HC volume, Vol raw(i) is the original volume for an individual, b is the slope of HC volume regressed on ICV, and Mean ICV is the sample mean of ICV (Raz et al., 2015) .
Fifty-seven of 83 OAs had longitudinal 1.5 T MRI data, with 2-5 scans (mean, 2.8 Ϯ 0.9) over a period of 4.5 Ϯ 2.6 years and an average delay of 2.3 Ϯ 1.4 years between two MRI scans. To extract reliable longitudinal volume and thickness estimates, these T1 images were processed with the longitudinal FreeSurfer stream (Reuter et al., 2012) . Specifically, unbiased within-subject template space and image (Reuter and Fischl, 2011) are created using robust, inverse consistent registration (Reuter et al., 2010) .
PET data. A detailed description of AV-1451 tau PET and PiB A␤ PET acquisition for BACS/UCSF (University of California San Francisco) has been published previously (Ossenkoppele et al., 2016; Schöll et al., 2016) . AV-1451 scans were collected within 49 Ϯ 91 d of PiB. PiB and AV-1451 PET images were reconstructed using an ordered subset expectation maximization algorithm with weighted attenuation and smoothed with a 4 mm Gaussian kernel with scatter correction (calculated image resolution, 6.5 ϫ 6.5 ϫ 7.25 mm 3 using Hoffman phantom).
AV-1451 standardized uptake value ratio (SUVR) images were coregistered and resliced to the structural MRI closest in time, as mentioned previously. We created AV-1451 SUVR images based on mean uptake over 80 -100 min postinjection (Shcherbinin et al., 2016; Baker et al., 2017b; Wooten et al., 2017) normalized by mean inferior cerebellar gray matter uptake. We excluded the superior portion of the cerebellar gray from our reference region as it showed frequent tracer binding (Baker et al., 2017a) . We created the inferior cerebellar gray ROI from the reversenormalized cerebellar SUIT (A Spatially Unbiased Atlas Template of the Cerebellum and Brainstem) template as described in detail by Baker et al. (2017a) .
To derive Braak-ROI mean values consistent with our previously published preprocessing stream and Braak-based staging approach , SUVR images were smoothed with a 4.7 ϫ 4.7 ϫ 2.8 mm 3 FWHM kernel to achieve a resolution of 8 ϫ 8 ϫ 8 mm 3 (i.e., resolution of Alzheimer's Disease Neuroimaging Initiative data on which we validated our Braak thresholds). These smoothed SUVR images were partial volume (PV) corrected using the Geometric Transfer Matrix approach (Rousset et al., 1998) with FreeSurfer-derived ROIs as described by Baker et al. (2017a) . Goals of the PVC were to correct for choroid plexus and basal ganglia signal bleeding into neighboring regions (such as the HC), to account for PV effects due to atrophy, and to correct for spillover from extracortical hotspots. PV-corrected ROI SUVR values were renormalized by PV-corrected inferior cerebellar gray. For analyses on temporal lobe subregional patterns of tau-tracer uptake, we used the unsmoothed SUVR images (as we wanted to keep highest possible resolution), which were also PV-corrected after parcellation of the temporal lobe.
Individual PiB frames were realigned, coregistered, and resliced to the closest structural MRI. DVRs for PiB images were generated with Logan graphical analysis on PiB frames corresponding to 35-90 min postinjection using a cerebellar gray matter reference region (Logan et al., 1996; Price et al., 2005) . The global cortical PiB DVR was calculated as a weighted mean across FreeSurfer-derived frontal, temporal, parietal, and posterior cingulate cortical regions. Participants were classified as PiB-positive if their global PiB DVR was Ͼ1.065, a cutoff adapted from previous thresholds developed in our laboratory (Mormino et al., 2012; Villeneuve et al., 2015) . We only included OAs with full dynamic PiB data.
AV-1451 uptake in Braak composite regions. We ( We recently developed AV-1451 SUVR thresholds for each Braak ROI, based on data of AD patients and controls, to assign subjects to one of four stages . The number of subjects classified to each stage is summarized in Table 1 .
Parcellation of the temporal lobe. To examine associations between temporal lobe regional tau patterns and memory, we used the FreeSurferderived ROIs of the HC, the EC, the parahippocampal cortex (PHC), the fusiform gyrus (FuG), the inferior temporal gyrus (ITG), and the middle temporal gyrus (MTG; Desikan et al., 2006) and subdivided those along the longitudinal axis of the temporal lobe. This is shown schematically in Figure 1A and for the group T1 image in MNI space in Figure 1B . We used the most anterior, the middle, and the most posterior HC slice ( Fig.  1 , cut points 1-3) as landmarks to coronally slice each gyrus (PhG, FuG, ITG, and MTG) into four segments (ant, med, post, postHC). Slicing was performed for each hemisphere separately. These anatomical landmarks were chosen as they can be automatically determined (in Matlab) by use of the HC FreeSurfer segmentation.
The FreeSurfer-defined EC covers the anterior portion of the PhG, including the medial bank of the collateral sulcus, and thus also likely includes the transentorhinal region (Braak and Braak, 1985, 1991; Taylor and Probst, 2008) , corresponding to Brodmann's area (BA) 35 or to the medial perirhinal cortex (Kivisaari et al., 2013) . A protocol for segmentation of the transentorhinal cortex at 7 T has been published recently . Rostral and caudal boundaries of the FreeSurferdefined EC are the rostral end of the collateral sulcus and amygdala, respectively. The FreeSurfer-labeled "parahippocampal cortex" (which is called "parahippocampal gyrus" in the original paper by Desikan et al., 2006) is the posterior portion of the PhG, which borders the EC. We merged FreeSurfer EC and PHC ROIs before parcellation to derive a continuous PhG ROI.
Moving from anterior to posterior, the "ant" segment of each gyrus starts at its FreeSurfer-defined anterior boundary and ends on the first (most anterior) slice of the HC. The "med" segment ends on the middle To assess subregional tau patterns measured by AV-1451 tau-tracer uptake in the temporal lobe, slicing was performed at three landmarks (cut points 1-3) across the longitudinal axis: at start, middle, and end of HC. This led to four segments (ant, med, post, postHC; y-axis in A) of each gyrus (x-axis in A). Note that only the med and post segments are equal in size. A, The black outline highlights regions that compose the medial temporal lobe memory system. B, The parcellation scheme is shown for the MNI group template (mean of normalized T1 images) but was also performed at individual (subject) level. Note that images are anterior commissure-posterior commissure aligned and not perpendicular to the long axis of the HC. Amy, Amygdala.
slice of the HC (counting all coronal HC slices and dividing by 2). The "post" segment ends on the last (most posterior) coronal slice of the HC, which also corresponds to the most posterior slice of the FreeSurfer defined "parahippocampal cortex." We called the part of FuG, ITG, and MTG posterior to the HC the "postHC." The PHC is posteriorly adjoined by the lingual gyrus (LiG). Our PhG ant segment covers the anterior portion of EC, whereas our PhG med segment covers the posterior portion of EC. The PhG post segment corresponds to the PHC. Note that our boundary between the EC and PHC (middle of the HC) is more posterior than the FreeSurfer-defined landmark (end of amygdala), and approximately corresponded to the end of the HC head. We also note that BA36 or the lateral part of the perirhinal cortex is covered by the FuG, in particular the FuG ant and FuG med . We also assessed mean SUVRs from the amygdala, which borders the HC anteriorly. Temporal lobe subregional SUVRs were derived in individual (i.e., subject) space after the PVC but the same parcellation was also performed in MNI space without the PVC. Note that individual T1 images were coregistered and resliced (before parcellation) to the SPM-provided avg152T1.nii, which is anterior commissure-posterior commissure aligned. AV-1451 data processing for analyses in MNI space. For voxelwise analyses, SUVR images (unsmoothed) were transformed into MNI152 space using DARTEL (diffeomorphic anatomical registration through exponentiated lie algebra). T1 images were segmented in SPM12. Native and DARTEL-imported gray and white matter segments were used to create a study-specific DARTEL template. The resulting flow fields served to normalize the SUVR images and the T1 images to MNI space (preserve concentration; resolution: 1.5 ϫ 1.5 ϫ 1.5 mm 3 , no additional smoothing). We created a study-specific T1 group image by averaging across all warped T1 images. Similar to processing of T1 images in individual space, we segmented the T1-group image by FreeSurfer (Desikan-Killiany atlas) to derive ROIs that were used for the temporal lobe parcellation in MNI space ( Figure 1B) .
Experimental design and statistical analysis
ROI-based correlational analyses and regression models. First, we performed correlational analyses to describe the relationship between each cognitive measure and age, global PiB DVR, regional AV-1451 SUVR in Braak composite ROIs, bilateral entorhinal thickness, and bilateral HC volumes. Skipped Pearson correlation coefficients were obtained using the Robust Correlation Toolbox in Matlab (http://sourceforge.net/projects/ robustcorrtool/) to limit the influence of outliers and data heteroscedasticity (Wilcox, 2004; Pernet et al., 2012) . The toolbox (function skipped-_correlation.m) performs Pearson tests after removing bivariate outliers by taking into account the overall structure of the data and provides bootstrapped 95% confidence intervals (CIs). Figures depict outliers excluded from the skipped Pearson correlation in black. Correlations were considered significant if the 95% CI did not include zero. These correlational analyses were only descriptive and not corrected for multiple comparisons (note that we performed a stepwise regression to identify the best predictor for episodic memory). The toolbox does not allow users to control for the effects of additional covariates, such as gender or education. However, education was not significantly related to any cognitive score (Pearson correlation, all p's Ն 0.37, all r's Յ 0.10). Gender was only related to the verbal memory score (which was not the major focus of this study) with female subjects performing better than males (t (81) ϭ Ϫ2.9, p ϭ 0.004, independent sample t test).
We performed stepwise linear regressions in SPSS (IBM, V24) to identify which set of variables best predicted episodic-memory performance. We further ran general linear models (GLMs) to test for an interactive effect of Braak I/II AV-1451 SUVR, which was the best predictor of memory, and global A␤ [defined as continuous variable (i.e., PiB DVR) or categorically (i.e., PiB ϩ /PiB Ϫ )] on episodic memory. We refrained from including age, gender, or education as covariates in our GLMs as these variables did not account for additional variance in the stepwise regression on episodic memory. Robust correlational analyses and GLMs were also used test how PiB DVR and age related to Braak I/II AV-1451 SUVR.
We further evaluated the local, regional specificity of memory-tau associations within the temporal lobe. Robust correlational analyses were performed between episodic memory performance and AV-1451 SUVR in 19 temporal lobe subregions in individual space (after PVC) and MNI space (without PVC). We derived bootstrapped 99.7% CIs (95% CI adjusted for 19 comparisons). Absolute skipped Pearson correlation coefficients are reported as heat maps.
We finally assessed the relationship of entorhinal-thickness change to temporal lobe tau measures and episodic-memory change in a subgroup of 57 OAs with longitudinal MRI and cognitive data by means of robust correlations.
When comparing the strength between robust dependent correlations, we used a percentile bootstrapping approach as described by Wilcox (2016) . A Matlab script implementing the procedure is available on-line (https://github.com/GRousselet/blog/tree/master/comp2dcorr).
Voxelwise regressions. We performed voxelwise regressions in MNI space (without PVC) to further examine the spatial pattern of episodic memory-tau associations in the whole brain. The MNI-warped AV-1451 SUVR images were entered into a multiple-regression analysis in SPM12. We did not apply any explicit masking. Results are familywise error (FWE) corrected at cluster level ( p Ͻ 0.05) with an uncorrected threshold of p Ͻ 0.001 at voxel level.
Linear mixed-effects models to derive slopes. To assess changes in entorhinal-thickness or episodic-memory performance over time, slopes were generated using a linear mixed-effects model in R ("lme4"). Entorhinalthickness measures were derived by the longitudinal FreeSurfer pipeline. The following model, including random slopes and random intercepts, was fitted to the data, assuming that slopes and intercepts are independent: 
Results
Subject characteristics
The current sample included 83 cognitively normal OAs (age, 77 Ϯ 6 years), of whom 36 were A␤-positive (A␤ ϩ ; PiB DVR, Ͼ1.065). Sample characteristics for the whole group as well as for A␤-negative (A␤ Ϫ ) and A␤ ϩ subjects separately are summarized in Table 1. A␤ ϩ subjects had significantly less education (16 Ϯ 2 years) than A␤ Ϫ subjects (17 Ϯ 2 years; t (81) ϭ Ϫ2.34, p ϭ 0.022, independent samples t test) but did not differ in age, gender, or any structural measure (all p's Ն 0.88). However, we note that the age range was broader in the A␤ Ϫ (60 -93 years) than the A␤ ϩ (69 -86 years) subjects. The proportion of carriers of the apolipoprotein E (APOE) 4 allele was significantly higher in the A␤ ϩ group [ 2 (1, N ϭ 75) ϭ 19.53, p Ͻ 0.001, 2 test].
We created composite Z scores for episodic memory, comprising short-delay and long-delay free recall in a verbal and a visual memory task, as well as for working-memory and executive-function domains (see Materials and Methods). A␤ ϩ and A␤ Ϫ subjects performed similarly for all composite scores (all t's Յ 1.65, all p's Ն 0.10, independent sample t test). A␤ ϩ subjects performed worse on the CVLT short-delay free-recall test (t (81) ϭ Ϫ1.99, p ϭ 0.049).
We also classified subjects into one of four stages based on AV-1451 SUVRs in composite ROIs that correspond to anatomical definitions of Braak stages I/II (transentorhinal), III/IV (limbic), and V/VI (neocortical; Schöll et al., 2016; . Of 47 A␤ Ϫ subjects, 13 were assigned to stage 0, 31 to stage I/II, and only 3 to stage III/IV. In the A␤ ϩ group, 5 of 36 subjects were classified as stage 0, 20 as stage I/II, and 11 as stage III/IV. No OA was assigned to stage V/VI. We thus constricted our subsequent analyses on associations with Braak ROI-based mean SUVR to Braak I/II and Braak III/IV composite ROIs.
Associations of age, A␤, tau, and cross-sectional atrophy measures with cognition
First we performed correlational analyses to describe associations of age, global A␤ burden (PiB DVR), regional tau burden (bilateral mean AV-1451 SUVRs after PVC in Braak composite ROIs), and cross-sectional measures of MTL atrophy (HC volume, entorhinal thickness) with cognition. HC volumes were adjusted by ICV. Skipped Pearson correlation coefficients were derived by robust correlations (see Materials and Methods) and bootstrapped 95% CIs for correlations across all subjects are summarized in Table 2 . Scatterplots with individual data color-coded by A␤ status as well as group-specific skipped Pearson correlation coefficients are shown in Figure 2 . Data points (bivariate outliers) excluded ("skipped") from the correlation are shown in black. Robust correlations across all subjects revealed significant associations between the episodic memory composite score and AV-1451 SUVR, with Fig. 2A ). Of note, the relationship between episodic memory and AV-1451 SUVR in Braak ROIs was not hemisphere-specific and significant for both left and right side (all r's Յ Ϫ0.28). Robust correlations did not reveal a significant association between PiB DVR and episodic memory (r ϭ Ϫ0.07, [Ϫ0.23, 0.09]) in either A␤ Ϫ (r ϭ Ϫ0.00, [Ϫ0.27, 0.29]) or A␤ ϩ subjects (r ϭ Ϫ0.22, [Ϫ0.52, 0.13]; Fig. 2A ). Associations of episodic memory with age and entorhinal thickness across all subjects were not significant (see Table 2 for CIs; Fig. 2B ). If subjects were divided by A␤ status, age was related to memory in the A␤ Ϫ subjects (r ϭ Ϫ0.35 [Ϫ0.58, Ϫ0.07]) but not the A␤ ϩ subjects (r ϭ 0.07 [Ϫ0.27, 0.41]). HC volume was positively related to episodic-memory performance across all subjects (r ϭ 0.24 [0.01, 0.43]) and in A␤ Ϫ subjects (r ϭ 0.33 [0.07, 0.54]), but not in A␤ ϩ subjects (r ϭ 0.02 [Ϫ0.26, 0.31]).
We also assessed correlations between episodic memory and tau-tracer uptake separately for visual (spatial figure) and verbal (word list) recall memory ( To assess the specificity of the relationship between tau-tracer uptake and episodic memory in our population, we also examined associations with executive function and working memory. The executive-function composite score was not significantly related to AV-1451 SUVR in any Braak ROI (Table 2) in either the A␤ ϩ or in the A␤ Ϫ subjects. Also, working memory did not show a significant relationship with tau-tracer uptake in any Braak ROI (Table 2) in any of the groups. For associations of executive function or working memory with age, PiB DVR, and MRI measures, see also Table 2 .
Braak I/II tau is the best predictor of memory
We performed stepwise linear regression analyses to identify which set of variables best predicted episodic memory in our elderly participants. Our set of predictors included age, PiB DVR, AV-1451 SUVR in Braak I/II and Braak III/IV ROIs, HC volume, and entorhinal thickness. Braak I/II SUVR was the best predictor of episodic memory (F (1,81) ϭ 20.8, r 2 adj ϭ 0.194, p Ͻ 0.001, ANOVA; Model 1 in Table 3 ) with no other variable significantly improving the model. The only other variable that was marginally significant was HC volume (t (81) ϭ 1.7, p ϭ 0.09), which may share variance with AV-1451 SUVRs for a number of reasons, including PVC. Other demographic variables, such as gender (t (81) ϭ 1.49, p ϭ 0.14) or education (t (81) ϭ 0.61, p ϭ 0.54), also did not significantly account for additional variance.
We then ran GLMs to test whether there was an interaction effect between A␤ and Braak I/II tau on episodic memory (Table  3 ). In a model that only included main effects of both biomarkers (Model 2., F (2,80) ϭ 10.6, r adj 2 ϭ 0.190, p Ͻ 0.001, ANOVA), Braak I/II SUVR significantly predicted memory (B ϭ Ϫ1.91, SE ϭ 0.53, p Ͻ 0.001) even when accounting for PiB DVR (B ϭ Ϫ0.36, SE ϭ 0.46, p ϭ 0.44). In a model that comprised Braak I/II SUVR, PiB DVR and their interaction term (Model 3., F (3,79) ϭ 7.0, r adj 2 ϭ 0.180, p Ͻ 0.001, ANOVA), the interaction was not significant (B ϭ 0.34, SE ϭ 1.91, p ϭ 0.86). We note that there was also no evidence for an interaction between A␤ and Braak I/II tau on episodic memory when A␤ was defined as a categorical variable (interaction: B ϭ Ϫ0.57, SE ϭ 0.97, p ϭ 0.56; A␤: B ϭ 0.83, SE ϭ 1.27, p ϭ 0.52; Braak I/II SUVR: B ϭ Ϫ1.78, SE ϭ 0.66, p Ͻ 0.001). This is also reflected by the finding that the slopes for the linear regression of memory on Braak I/II SUVR were similar between A␤ Ϫ subjects (slope ϭ Ϫ2.35, r 2 ϭ 0.18, F (1,45) ϭ 9.97, p ϭ 0.003) and A␤ ϩ subjects (slope ϭ Ϫ1.78, r 2 ϭ 0.19, F (1,34) ϭ 8.21, p ϭ 0.007). We note that results were consistent when using non-PV-corrected Braak I/II mean SUVRs.
Age and A␤ independently predict increased Braak I/II tau
We further tested how global A␤ and age were related to tautracer uptake in Braak I/II and Braak III/IV ROIs. The association between PiB DVR and AV-1451 SUVR in Braak I/II and Braak III/IV composite ROIs is illustrated in Figure 3A . In A␤ ϩ subjects, higher PiB DVR was related to higher AV-1451 SUVR in Braak I/II ROIs (r ϭ 0.51 [0.23, 0.73]), whereas the association did not reach significance in Braak III/IV ROIs using robust correlations (r ϭ 0.32 [Ϫ0.01, 0.62]). In A␤ Ϫ subjects, there was no significant relationship between PiB DVR and AV-1451 SUVR in any Braak ROI (Braak I/II r ϭ 0.05 [Ϫ0.24, 0.36]; Braak III/IV r ϭ 0.11 [Ϫ0.17, 0.39]). The association between age and AV-1451 SUVR in Braak I/II and Braak III/IV composite ROIs is illustrated in Figure  3B . In A␤ Ϫ subjects, higher age was related to higher AV-1451 SUVR in Braak I/II ROIs (r ϭ 0.40 [0.06, 0.63]), but not in Braak III/IV ROIs (r ϭ 0.23 [Ϫ0.06, 0.51]). There was no significant relationship between age and AV-1451 SUVRs in A␤ ϩ subjects (Braak I/II r ϭ 0.00 [Ϫ0.30, 0.33]; Braak III/IV r ϭ 0.07 [Ϫ0.26, 0.42]), but we note again that the age range was smaller in this group (69 -86 years).
GLMs showed that both PiB DVR and age were significant (independent) predictors for Braak I/II SUVR (F (2,80) ϭ 16.2, r adj 2 ϭ 0.27, p Ͻ 0.001, ANOVA; PiB DVR: B ϭ 0.42, SE ϭ 0.08, p Ͻ 0.001; age: B ϭ 0.01, SE ϭ 0.003, p ϭ 0.01), although the effect size for age was small (Table 4) . To summarize at this point, episodic memory was best predicted by Braak I/II SUVR, which increased with both higher age and higher PiB DVR. Notably, the two PiB Ϫ subjects with the highest SUVR in Braak I/II regions and the lowest episodic-memory score were both Ͼ90 years old. 
Entorhinal tau shows strongest relationship to episodic memory ROI-based analyses on temporal lobe tau associations with memory
To examine local associations between temporal lobe tau-tracer uptake and memory, we used the FreeSurfer-derived ROIs of the HC, EC, PHC, FuG, ITG, and MTG (Desikan et al., 2006) and subdivided those along the longitudinal axis of the temporal lobe. The parcellation is schematically illustrated in Figure 1A and subregions are shown for the group T1 template in MNI space in Figure 1B . We used the most anterior, the middle, and the most posterior HC slice (Fig. 2, cut points 1-3) as landmarks to coronally slice each gyrus (PhG, FuG, ITG, MTG) into four segments (ant, med, post, postHC) . A detailed description of the parcellation and labeling (which partly differs from FreeSurfer) is given in the Materials and Methods section. Note that we merged Free-Surfer EC and PHC ROIs before parcellation to derive a continuous PhG ROI. Our PhG ant and PhG med segments correspond to the anterior and posterior EC, respectively, whereas the PhG post segment corresponds to the PHC. We ran robust correlational analyses between memory performance and bilateral (i.e., left and right hemisphere averaged) AV-1451 SUVR values derived from each temporal lobe subregion in subject space after PVC and in MNI space (CIs adjusted for multiple comparisons). Absolute skipped Pearson correlation coefficients for the association between temporal lobe SUVRs derived from subject space and episodic memory are displayed as a heat map in Figure  4A .08]). Notably, the LiG, which joins the PhG posteriorly, did not show a significant correlation with memory (r ϭ Ϫ0.18, [Ϫ0.45, 0.04]). Scatterplots for the association between memory and all three segments of the PhG as well as the LiG are illustrated in Figure 4B . Associations between tau-tracer uptake in PhG subregions and episodic memory were significant in both A␤ Ϫ and A␤ ϩ subjects (Fig. 4B) .
The non-PV-corrected MNI space data revealed a similar pattern with the strongest correlation between episodic memory and tau-tracer uptake found with the posterior EC (r ϭ Ϫ0.43 [Ϫ0.67, Ϫ0.14]; all other r's Ն Ϫ0.36; data not shown).
Moreover, these findings were consistent across modalities with the posterior EC SUVR showing strongest associations with verbal recall memory (r ϭ Ϫ0.37 [Ϫ0.60, Ϫ0.08], all other r's Ն Ϫ0.33) and visual memory (r ϭ Ϫ0.50 [Ϫ0.69, Ϫ0.26], all other r's Ն Ϫ0.32) compared with other temporal lobe regions. This is shown in Figure 4C .
The ITG is a region of particular interest, as it shows strong differences in tau PET signal between AD patients and controls (for review, see Saint-Aubert et al., 2017) . We compared the association between episodic memory and AV-1451 mean SUVR in EC versus ITG by means of a percentile bootstrapping approach (Wilcox, 2016; see Material and Methods) . We found that the correlation of episodic memory with the EC was significantly stronger than with the ITG mean SUVR (⌬r ϭ Ϫ0.13 [Ϫ0.24 Ϫ0.02], p ϭ 0.02, one-sided ␣ ϭ 0.05).
Whole-brain voxelwise analyses on tau-memory associations
We also performed voxelwise regressions in MNI space to further examine the spatial pattern of memory-tau associations in the whole brain and to confirm our ROI-based findings. Predicting episodic memory by AV-1451 tau-tracer uptake revealed four significant clusters, all located in the medial or lateral temporal lobe ( p cluster(FWE) Ͻ 0.05, p voxel(uncorr) Ͻ 0.001, no explicit mask). The global maximum was located in the left lateral EC at the transition toward the perirhinal cortex at the rostrocaudal level of the anterior HC head (Fig. 5, blue cross) . The cluster covered the posterior EC as well as parts of anterior EC and PHC. The same region was significant on the right side. Furthermore, significant voxelwise relations were found with regions in left medial to posterior ITG and left posterior MTG. Peak coordinates are summarized in Table 5 .
Entorhinal-thickness atrophy closely mirrors tau pathology
Fifty-seven of 83 OAs had longitudinal MRI as well as cognitive data (Ն2 scans/testing sessions). Longitudinal MRI data comprised Յ5 scans over a period of 4.5 Ϯ 2.6 years and an average delay of 2 years between scans. Longitudinal cognitive data comprised Յ10 sessions over a period of 5.6 Ϯ 2.5 years and an average delay of 1 year between sessions. More details about the longitudinal data can be found in Materials and Methods. In this subsample, we assessed the relationship of entorhinal-thickness change with AV-1451 SUVR, PiB DVR, and episodic-memory change. We used all available MRI data and cognitive data to derive slopes by means of linear mixed-effects models. The AV-1451 tau scan was acquired between 2.7 years before to 0.7 years after the last MRI and similarly between 2.8 years before to 0.7 years after the last cognitive session. For 40% of subjects, the tau scan was acquired after or at the time of the last MRI scan, such that atrophy data were fully retrospective. Regarding the cogni-tive data, in 30% of subjects, measures of memory decline were fully retrospective to the tau scan. We found that entorhinal-thickness changes were strongly correlated with Braak I/II SUVRs (r ϭ Ϫ0.60 [Ϫ0.78, Ϫ0.36]; Fig.  6A ), whereas the relationship with Braak III/IV ROIs was not significant (r ϭ Ϫ0.15 [Ϫ0.38, 0.11] Fig. 6A ). Similarly, Braak I/II SUVR was related to change in episodic memory (r ϭ Ϫ0.37 [Ϫ0.55, Ϫ0.17]; Fig. 6A ). We note that in accordance with our cross-sectional analyses on episodicmemory performance ( Fig. 2A) Furthermore, we assessed the regional specificity of associations between EC atrophy or episodic-memory decline and temporal lobe tau PET tracer retention. A heat map displaying skipped Pearson coefficients across all temporal lobe subregions, derived by parcellation as described in the preceding text, is depicted in Figure 6B . Correlations between EC-thickness change and AV-1451 SUVR were only significant in the MTL (r Յ Ϫ0.46) including the PhG and HC subregions as well as amygdala (all other r's Ͼ Ϫ0.29). The correlation between EC-thickness change and AV-1451 SUVR was strongest in the posterior EC (PhG med , r ϭ Ϫ0.58 [Ϫ0.75, Ϫ0.34]), the same region that showed strongest associations with episodic memory in the full sample ( Fig. 4) . Notably, this pattern of associations between entorhinal atrophy and tau measures being confined to MTL subregions was consistent when using non-PV-corrected SUVRs, although correlations were slightly weaker. Similarly, episodic-memory change was negatively related to AV-1451 SUVR in MTL regions (r Յ Ϫ0.40) including the PhG, amygdala, anterior HC, and FuG med (ROI that includes the perirhinal cortex). The pattern of associations between temporal lobe tau-tracer retention and memory change was similar to cross-sectional associations (Fig. 4A ) but with involvement of amygdala and HC in addition to the EC and PHC.
In summary, we found strong local associations between entorhinal-thickness atrophy and in vivo tau pathology, which closely mirrored the relationship between tau and cross-sectional as well as longitudinal measures of episodic memory.
Discussion
We investigated how age and in vivo measures of regional tau, global A␤ burden, and MTL atrophy contribute to episodicmemory performance in cognitively normal elderly. We found that tau-tracer uptake in Braak I/II regions comprising the EC and HC best explained episodic-memory performance, with no additional value from any other variable. There was no interaction of A␤ and Braak I/II tau on memory. Associations of tau tracer reten-tion with episodic memory were strongest in the EC and present in subjects with and without evidence of A␤ accumulation. In A␤ Ϫ subjects, higher MTL tau PET measures were related to older age. Furthermore, entorhinal tau measures were linked to entorhinal atrophy and episodic-memory decline in subjects with longitudinal MRI and cognitive data. Our findings are consistent with neuropathological data that showed a close relationship between NFTs in PhG and memory impairments across OAs and patients (Mitchell et al., 2002) . Our data also extend previous results by showing that effects of tau on memory are independent of several additional variables, most notably A␤, that there is regional specificity to this relationship, particularly involving the EC/transentorhinal cortex, and that tau deposition is related to longitudinal EC atrophy. Together, our data, obtained during life, suggest that entorhinal tau pathology and related atrophy underlie memory impairments typically seen in old age even in the absence of A␤. These findings of an A␤-independent/age-dependent tauopathy related to cognition are consistent with the concept of PART (Josephs et al., 2017; Crary et al., 2014) .
Several previous PET studies in samples that included AD patients reported associations between episodic memory and tautracer uptake in the MTL, whereas global cognition was associated with tau in wider neocortical regions ( associations between tau and A␤ PET topographies and cognition in a sample of controls and mildly impaired patients. Their data revealed tau PET as the dominant topography contributing to episodic memory. However, they found that the tau topographies were sparse, comprising mostly temporal regions, for all domains except episodic memory, where the topography covered broader neocortical regions. In a small sample of 18 A␤ Ϫ OAs, Shimada et al. (2016) reported voxelwise associations (at an uncorrected threshold) between logical memory and 11 [C]PBB3 tau-tracer uptake in the HC and several cortical regions. Whether the relationship between memory and tau measures is constrained to the MTL or seen with wider neocortical areas is likely related to the sample, with patients that bear more widespread tau pathology and more severe memory impairments often driving associations.
Our temporal lobe parcellation revealed strongest associations between episodic memory and tau-tracer retention in the PhG, most prominently in the posterior EC. This was true across memory modalities. Voxelwise analyses confirmed these findings and showed that the peak for the memory-tau PET associations was located in the left lateral EC at the transition toward the perirhinal cortex at the rostrocaudal level of the anterior HC head. A similar area showed the strongest correlation on the right side. Braak and Braak defined the transentorhinal area on a section that included the HC at the uncal level and a full description of its anterior-posterior extent is lacking. Notably, our EC ROI also covered the medial bank of the collateral sulcus, and thus likely included the transentorhinal area. Due to the low resolution of our PET data (6 -7 mm isotropic), we cannot dissociate lateral and medial parts of the PhG. Still it is striking that among all temporal lobe regions, the EC-the first cortical region where NFTs accumulate-was most strongly linked to episodic memory. This association was most prominent in the posterior part of EC, but also present in neighboring regions, such as the anterior EC and PHC. MRI studies with higher imaging resolution may shed more light on dysfunction or atrophy of entorhinal subregions Olsen et al., 2017; e.g., anterolateral vs posteromedial) in relation to in vivo tau pathology.
The EC is a major cortical hub (Bota et al., 2015) that mediates HC-neocortical communication and is critical to memory formation. On the one hand, episodic-memory decline is one of the earliest cognitive signs of AD dementia and entorhinal atrophy is a sensitive marker that predicts the conversion from "normal aging" to AD (Killiany et al., 2002; Desikan et al., 2009 ). Highresolution MR imaging has shown the most significant volume and thickness differences between MCI patients and older controls in the left BA35, corresponding to the transentorhinal region . The BA35 was also the only region where thickness measures discriminated A␤ ϩ from A␤ Ϫ OAs . Olsen et al. found reductions in anterolateral EC volume, including the transentorhinal area, in clinically normal OAs "at risk" for MCI due to low cognitive performance (2017). Evidence for early metabolic dysfunction in the lateral EC in preclinical AD is supported by diminished perfusion in those adults that progress to AD (Khan et al., 2014) . On the other hand, transentorhinal tau pathology and decreased episodic-memory performance are common in clinically normal elderly. Fjell et al. (2014) found similar rates of entorhinal thinning in participants with very low probability of incipient AD compared with a bigger sample of OAs, and the changes were predictive of changes in memory. This suggested that EC thinning in advanced age, even in areas vulnerable to AD, can be part of a "normal" aging process.
Since tau pathology is age-related, accumulates early in the MTL, and relentlessly progresses in the course of AD (Braak and Braak, 1997) , it is reasonable to assume that deterioration of memory function is present in both cognitively normal elderly and in AD dementia. In our study, high entorhinal tau measures, along with entorhinal atrophy, and low memory performance were present in subjects with and without A␤ (the latter being concordant with the concept of PART). Our data cannot unravel whether those individuals are on a path toward AD. In the current view, this transition is characterized by the spread of tau tangles outside the MTL, which seems to require the presence of A␤, and leads to worsening of global cognition (Sperling et al., 2014) .
Our data did not support any link between tau or A␤ PET measures either with working memory, confirming findings by Brier et al. (2016) , or with executive function in normal elderly. This is in accordance with a meta-analysis that did not reveal evidence for associations between PiB measures and working memory or executive function in cognitively normal OAs (Hedden et al., 2013) . Effects of A␤ and tau pathology on executive function or working memory may be profound in later stages of AD, when tau pathology has spread to Braak V areas. Within OAs without a diagnosis of dementia, gray and white matter degradation of frontal-striatal networks is thought to be the major cause underlying deficits in executive function (Buckner, 2004; Hedden and Gabrieli, 2004) .
Regarding episodic memory, Braak I/II tau-tracer retention accounted for 20% of the variance in our data. Measures of MTL structure, A␤ burden, age, gender, or education did not explain additional variance in memory performance. In a neuropathological study on the contributions of A␤ load, NFT density, infarcts, and Lewy bodies to cognitive decline in OAs, only tangles accounted for episodic-memory decline when all pathologies were considered simultaneously (Boyle et al., 2013b) . Furthermore, the pathologic indices of AD, cerebrovascular disease, and Lewy body disease together explained only 41% of the variance in global cognitive decline (Boyle et al., 2013a) . Hedden and colleagues found that multiple in vivo brain markers (structural measures, white matter hyperintensities, fractional anisotropy, functional connectivity, and PET measures of glucose metabolism and A␤) together accounted for 20% of variation in episodic memory. These data indicate that while many different variables underlie memory decline, a large proportion of late-life cognitive variance remains unexplained, even when neuropathological data are available. Other potential factors for age-related variability in memory function include changes in the dopaminergic system that primarily target frontal-striatal networks (Bäckman et al., 2010; Berry et al., 2016) . Moreover, some individuals might show a higher ability to tolerate or respond to pathology, thereby minimizing its impact on cognition (concept of cognitive reserve; Arenaza-Urquijo et al., 2015) .
To summarize, tau-tracer uptake in a region coinciding with the location of the transentorhinal cortex predicted episodicmemory performance in our cohort of cognitively normal OAs independent of A␤ status. Furthermore, tau measures and episodicmemory decline were tightly linked to entorhinal atrophy. Our data suggest that entorhinal tangle pathology is a major factor contributing to memory decline in old age. While A␤ might accelerate tau pathology within and initiate spread outside the MTL, it does not seem to underlie age-related memory decline. Longitudinal tau and A␤ PET data are necessary to better understand the causal and temporal link between both pathologies and to elucidate which factors predict the conversion toward AD.
